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Abstract 1 
Purpose: To investigate the effect of implant positioning on ulnohumeral contact using 2 
patient-specific distal humeral implants.  3 
Methods: Seven reverse-engineered distal humeral (DH) implants were manufactured 4 
based on computed tomography scans of their osseous geometry. Native ulnae were 5 
paired with corresponding native humeri and custom distal humeral implants in a 6 
loading apparatus. The ulna was set at 90˚ of flexion and the humerus was positioned 7 
from 5˚ varus to 5˚ valgus in 2.5˚ increments under a 100N compressive load. Contact 8 
with the ulna was measured with both the native distal humerus and the reverse-9 
engineered DH implant at all varus-valgus (VV) angles, using a joint casting method. 10 
Contact patches were digitized and analyzed in four ulnar quadrants. Output variables 11 
were contact area and contact pattern.  12 
Results: Mean contact area of the native articulation was significantly greater than with 13 
the distal humeral hemiarthroplasty (DHH) implants across all VV positions. Within 14 
the native or DHH condition, there was no change in contact area due to VV 15 
positioning.  While there was no change in contact pattern in the native joint, whereas 16 
in the DHH joint, medial ulnar contact was significantly affected by VV angulation. 17 
Lateral ulnar contact was variably affected, but generally decreased as well.  18 
Conclusions: Ulnar contact patterns were changed as a result of VV implant 19 
positioning using reverse-engineered distal humeral implants, most notably on the 20 
medial aspect of the joint. Implant positioning plays a crucial role in producing more 21 
native contact patterns.  22 
Clinical relevance: Recent clinical evidence reports nonsymmetrical ulnar wear after 23 
DHH. This work suggests that implant positioning is likely a contributing factor and 24 
that exact implant positioning may lead to better clinical outcomes.   25 
Introduction  26 
Distal humeral fractures represent 30% of elbow fractures, with an incidence of 5.7 per 27 
100,000 per year 1,2. For younger, active patients with comminuted unreconstructable 28 
fractures, or for salvage of nonunion or malunion after nonoperative or operative 29 
treatment of distal humerus fractures, distal humeral hemiarthroplasty (DHH) can be 30 
an attractive option 3,4. The procedure involves replacing the distal humerus (DH) with 31 
an implant (usually metal), which is in direct contact with native articular cartilage of 32 
the radial head and greater sigmoid notch of the ulna.  33 
 34 
Evidence supports that contemporary commercially available DHH implants result in 35 
decreased contact area as compared to the native joint 5–7. Because the implant designs 36 
are generalized for widespread use, their potential to replicate natural contact 37 
mechanics may be limited. One proposed strategy to improve articular contact 38 
mechanics of DHH is to develop implants which closely match the anatomy being 39 
replaced. Three-dimensional medical imaging, computer modeling and additive 40 
manufacturing techniques have enabled the development of patient-specific implants. 41 
These “reverse-engineered” implants are reproduced from the osseous or cartilaginous 42 
anatomy of the uninjured contralateral distal humerus. Evidence supports that paired 43 
humeri have very similar anthropometric features and that the contralateral humeral 44 
characteristics can be used as an approximation of the native geometry of the fractured 45 
humerus, both proximally8,9 and distally10. Patient-specific hip 11–13, spine14 and cranial 46 
15,16 prosthetic components, as well as patient-specific cutting guides for total knee 47 
replacement, have also been previously reported 17–19.  48 
 49 
Contact patterns are indicative of load transmission across a joint and are an important 50 
metric for determining if implants are performing similarly to the native joint, or if the 51 
risk for cartilage wear is elevated. It has been reported in vitro that DHH causes 52 
cartilage damage with commercially available implants 20; however the paucity of 53 
clinical studies limits our understanding of the extent of cartilage damage in vivo. 54 
There is increasing clinical evidence to suggest that ulnohumeral contact area is 55 
disproportionately affected by DHH 3,4,19,20. Contact with rigid non-anatomic implants 56 
changes contact area and creates an asymmetric loading point, elevating contact 57 
pressure beyond normal physiological limits, which could possibly predispose patients 58 
to early arthritis 5,22. We postulate that DH implant positioning could be playing an 59 
important role. While changes in elbow contact patterns after DHH throughout simple 60 
flexion-extension motions have been investigated 23, changes in contact patterns 61 
through positioning at varying varus-valgus (VV) angulations have not. We believe 62 
that positioning changes load transmission across the elbow, and could have long-term 63 
implications on cartilage wear. Hence, the objective of this study was to evaluate 64 
changes in ulnohumeral joint contact as a result of clinically relevant VV positioning 65 
errors24.  Specifically, we employed an experimental model using patient-specific 66 
implants and joint casting to quantify ulnohumeral contact area and contact pattern 67 
before and after DHH with patient-specific DHH implants for different implant VV 68 
positions. We hypothesized that contact area will decrease as a result of DHH with 69 
patient-specific implants, and that contact patterns will change at different implant VV 70 
positions.  71 
 72 
Materials and Methods 73 
Reverse-engineered implant design 74 
Seven distal humeral hemiarthroplasty implants were reverse-engineered from the 75 
native distal humeri shapes from seven different left cadavers (5 male, 2 female, 76 
average age 66 yrs, SD: 22.5 yrs). Computed tomography (CT) scans of each fresh 77 
frozen cadaveric elbow specimen were performed using a GE Discovery CT750 HD 78 
scanner (GE Health Care, Pewaukee, WI, USA) at 120 kV and 292 mAs with a slice 79 
thickness of 0.625 mm (in-plane pixel sizes ranging from 0.492 - 0.586 mm). The CT 80 
data was imported into Mimics v14.12 (Materialise, Leuven, Belgium), and the distal 81 
humeral bone geometry was extracted using threshold based segmentation, which 82 
included any voxel with an attenuation value of 250 HU or greater 5,23,25. These three-83 
dimensional models were wrapped, exported in the stereolithography (STL) format, 84 
and remeshed using a radial basis function in Matlab (The Mathworks, Natick, MA, 85 
USA). The resulting models comprised uniformly sized triangles with approximately 86 
0.4 mm edge lengths. A Boolean geometry subtract operation was performed using 87 
custom Blender script (The Blender Foundation, Amsterdam, NL), which cropped the 88 
model to the articular region and created interface geometry for attaching an existing 89 
custom humeral stem component. Stainless steel prosthesis prototypes based on these 90 
computer models were manufactured using a sProTM 125 direct metal selective laser 91 
melting (SLM) machine (3D Systems Corp., Rock Hill, SC, USA), and polished until a 92 
smooth mirror-like finish was obtained on the articular surfaces of the prosthesis 23.  93 
 94 
Specimen Preparation 95 
Each paired ulna and humerus, having been previously denuded and frozen at -20°C, 96 
were thawed prior to use. The cartilaginous surfaces were rehydrated with a 0.9% 97 
normal saline solution, and hydration was maintained throughout testing by frequent 98 
irrigation. Segments of the native distal humerus and native proximal ulna, each 10 cm 99 
in length, were potted in 1.5'' PVC pipes using dental cement (Modern Materials, 100 
Heraeus Kulzer, South Bend, IN, USA). The bones were positioned such that the ulna 101 
and humerus were reduced into their natural position at full extension until the cement 102 
had set, as shown in Figure 1a. In addition, a custom stem component with an 103 
attachment site for the DHH implant was potted for testing the DHH implant with the 104 
native proximal ulna.  105 
 106 
Custom testing apparatus 107 
A custom apparatus with humeral and ulnar jigs was developed, as shown in Figure 1a. 108 
For testing, the ulnar jig was set at 90 degrees of flexion (perpendicular to the humeral 109 
jig), as shown in Figure 1b. The ulnar jig was mounted onto a base with ball bearings 110 
to permit unrestricted translation and rotation of the ulna in the plane perpendicular to 111 
the long axis of the humerus. This allowed the ulna to settle naturally into contact with 112 
the distal humerus under compressive loading, guided by the relative shapes of the two 113 
articular surfaces. The humeral jig was capable of orienting the distal humerus from 5 114 
degrees varus to 5 degrees valgus in 2.5 degree increments, which includes the 0 115 
degree neutral position. Hence, a total of 5 different VV positions were assessed. 116 
The humeral jig was attached to a pneumatic actuator (Bimba Original Line Cylinder, 117 
Monee IL, USA) that was controlled by a proportional pressure controller (Mac 118 
Valves, Wixom, MI, USA) to generate 100N of compressive load. 119 
 120 
Experimental testing  121 
A repeated-measures study design was employed. For each elbow, contact with the 122 
native proximal ulna was tested with both the native distal humerus and the patient 123 
specific prosthesis. Approximately 3 mL of medium-viscosity impression polymer 124 
(Reprosil Vinyl Polysiloxane Impression Material, Dentistry International Inc., Milford 125 
DE, USA) was applied to the ulnar articulating surface. In order to maintain constant 126 
viscosity, mixing and application of the casting material was accomplished within 60 127 
seconds at room temperature 7. After the casting material was applied to the ulna, 128 
contact between the distal humerus and ulna was established by reducing the joint with 129 
100 N of compressive load applied by the pneumatic actuator. The ulnar jig was 130 
secured in place with three clamps after the joint was reduced in a stable configuration, 131 
and the casting material set for 10 minutes, after which the load was removed and the 132 
joint was separated. 133 
 134 
Contact area calculation  135 
A technique described by Lalone et al.26 was used to quantify ulnohumeral contact 136 
area. Prior to casting, the three-dimensional topography of the articulating surface of 137 
the native ulna was digitized using a MicroScribe G2X digitizer (Immersion Corp., San 138 
Jose, CA, USA) and the surface geometry was recorded as a 3D point cloud. After the 139 
joint was separated, the contact patches were identified as areas where the casting 140 
material had been displaced and the articular surface of the ulna were visible. These 141 
contact patches were digitized. The olecranon and coronoid processes of the ulna were 142 
also digitized as reference landmarks, which allowed contact area to be registered to 143 
the ulnar articular surface. Surfaces were reconstructed from the contact patch 144 
digitization data using Meshlab, as shown in Figure 1c. The surface area of the patches, 145 
which corresponded to contact area, was calculated. This contact area was reported in 146 
terms of percentage of the entire articulating surface of the ulna in order to normalize 147 
for different specimen sizes.  148 
 149 
Contact pattern analysis  150 
The contact patterns were analyzed by separating the articular surface of the ulna into 151 
quadrants (superior lateral, superior medial, inferior lateral, inferior medial), as shown 152 
in Figure 2. In this way, the amount of contact in each quadrant could be measured and 153 
quadrants where contact was more sensitive to DHH and/or changes in VV orientation 154 
could be identified. All contact patches from the same specimen were co-registered to 155 
the same model to visualize changes in contact distribution across the surface of the 156 
ulna at the five VV angles studied. Contact patches from DHH conditions were 157 
overlaid on contact patches from the native joint to calculate overlap in contact area.   158 
 159 
Statistical Analysis  160 
The sample size requirements were determined based on a power calculation. Prior 161 
studies using reverse-engineered DHH implants to measure contact area in our 162 
laboratory have shown that 75% (standard deviation [SD] 9%) of the ulnar surface is in 163 
contact with native articulations, while 49% (SD 16%) of the ulnar surface is in contact 164 
using the reverse-engineered DHH implants1. We believe that a difference of 165 
approximately 25% between the native articulation and using the DHH implants is the 166 
minimum clinically important difference in contact area measurements. In the lateral 167 
olecranon quadrant, they measured 85% (SD 7%) of total ulnar area was covered using 168 
the native articulation, while 28% (SD 33%) was covered using DHH implants. To 169 
detect such differences with an alpha of 0.05 and a power of 0-8, for a 2-sided 170 
comparison we needed 7 specimen per group. Statistical significance was determined 171 
by an analysis of variance (three-way ANOVA) for the dependent variables of contact 172 
type (native versus DHH), quadrant location, and alignment angle (0, 2.5 and 5.0 173 
degrees varus and valgus). A Tukey correction at the significance level of less than 174 
0.05 (p<0.05) was applied to correct for repeated statistical testing.  175 
 176 
Results  177 
Changes in contact area due to implant positioning 178 
Contact area of the native joint was similar at all VV angles and was greatest at the 179 
neutral 0° position. Positioning the joint at 2.5° or 5.0° varus or valgus (VV) tended to 180 
decrease joint contact by less than 5% (see Table 1), and these changes were not 181 
statistically significant (p = 0.78). Likewise, with the DHH implants, contact area was 182 
greatest at the 0° neutral position, with subtle decreases of less than 10% in contact 183 
area when positioned at any of the prescribed VV angulations. These decreases were 184 
also not statistically significant (p = 0.46).  185 
 186 
Mean contact area of the native articulation was significantly greater than the contact 187 
area with the DHH implants across all VV conditions (p<0.05), as shown in Table 1. 188 
The mean absolute decrease in ulnohumeral contact area, following placement of the 189 
subject specific implants, was 31% (p<0.05). At the neutral position, the native joint 190 
contact patch covered 44%±6% of the total articulating surface. In comparison, the 191 
DHH joint contact patch only covered 19%±6% of the total articulating surface. At the 192 
5.0° varus or valgus angles, contact with the native distal humerus covered 44%±6% 193 
and 44%±8 of the ulnar articulating surface, respectively. For the DHH implants, 194 
contact covered 13%±7% and 9%±5%, respectively. In the patient specific implant 195 
conditions, there was a decrease in contact area at greater VV angulations, but this was 196 
not statistically significant.  197 
 198 
Changes in contact pattern due to implant positioning  199 
The percentage of the ulnar surface in contact with the distal humerus (native or DHH) 200 
at different VV angulations and in different ulnar quadrants, is shown in Figure 3. On 201 
the superior lateral side of the ulna, there was no significant change in contact area 202 
when using the DHH implant for any VV angle, when compared to the native 203 
condition. On the inferior lateral side, there was a significant decrease in contact area 204 
at both the 2.5° and 5.0° varus conditions (p<0.05). On both the superior and inferior 205 
medial sides, there were significant decreases seen in both 2.5° and 5.0° valgus 206 
angulations (p<0.05). On the superior medial side, a significant decrease in contact 207 
area occurred at the neutral position and at the 5.0° varus position as well. Shifting of 208 
the contact patch at prescribed VV angulations, for a representative sample specimen, 209 
can be noted from Figure 4. For the reverse engineered condition, there is minimal 210 
medial contact especially at valgus orientations, compared to the native articulation. 211 
There is a noticeable shift in contact from lateral to medial as the orientation is 212 
changed from valgus to varus. 213 
Discussion  214 
Recent clinical evidence has identified increased ulnar cartilage wear and 215 
nonsymmetrical contact patterns after DHH, however the reason for this remains 216 
unknown. We hypothesized that VV implant positioning likely contributes to decreases 217 
in contact area and changes in contact pattern at the ulnohumeral joint. The results of 218 
this study support both hypotheses. Specifically, we observed that medial ulnar contact 219 
area was significantly affected by changes in the VV angulation. Lateral ulnar contact 220 
area was variably affected, but generally decreased as well.  221 
 222 
Patient-specific DHH implants consistently caused a significant reduction in overall 223 
contact area compared to the native joint articulation in the neutral position. This 224 
change was expected and is in agreement with the findings by Willing et al.23. By 225 
performing passive flexion trials with both the native joint and the patient-specific 226 
implants using both the radius and the ulna, they observed an ulnohumeral contact area 227 
decrease of 42% (SD 19%, p=0.008) due to DHH with reverse-engineered prostheses 228 
23. A likely explanation for this change in articular contact between native and DHH is 229 
the high stiffness of the metallic implants compared to the relatively soft articular 230 
cartilage (the Young’s modulus of the metallic implants is approximately 200 GPa, 231 
whereas the Young’s modulus of articular cartilage is approximately 1 MPa 27).  232 
Interestingly, VV positioning did not significantly change the contact pattern in the 233 
native DH joint.  Previous studies have shown that the native elbow contact size and 234 
pattern depends to a slight extent on the joint position, but that at all loads and flexion 235 
angles, a bicentric contact and an important central joint space width emerge because 236 
of the concave incongruity of the joint 28. This implies that the shape of the native 237 
elbow helps distribute loads evenly across the joint during VV movements, which are 238 
common in everyday life. In comparison, with the patient-specific implants, VV 239 
positioning significantly changed the ulnar contact distribution patterns (Figure 3 and 240 
4). The most significant contact pattern changes were observed on the medial side of 241 
the ulna, especially at the valgus positions. These results indicate that loads passing 242 
through the lateral aspect of the joint did not change as much as a result of DHH, 243 
especially on the superior part of the ulna.  244 
 245 
The rationale for omitting the radius in this experiment was based on recent studies 246 
that have shown that cartilage wear is particularly prevalent at the ulna 3,4,17,18 . Smith 247 
et al. 4 described, for the first time, the medium to long-term impact of DHH on ulnar 248 
and radial wear with commercially available Sorbie and Latitude implants. Marked 249 
ulnar wear was seen in 13 of 16 patients assessed; the wear pattern with the Sorbie 250 
prosthesis was more medial and that of the Latitude was mixed in location. Radial wear 251 
was not reported in any of the patients assessed. While prostheses design likely 252 
influenced this wear pattern, our results demonstrate that even DHH with a more 253 
anatomical prostheses design can produce nonsymmetrical ulnar contact patterns. It is 254 
likely that both implant positioning, shape and stiffness were the main contributors to 255 
contact area and pattern changes observed. Small, clinically relevant VV positioning 256 
angles were chosen for the current study, which commonly occur in elbow arthroplasty 257 
24. Brownhill et al. 24 reported clinical accuracy in choosing the flexion/extension axis 258 
of the elbow compared to a computer-assisted method. They determined the error in 259 
surgeons’ selections to be a mean frontal plane angle ranging from 6.3˚ varus to 9.6 260 
valgus.  While the range of 5˚ varus to 5˚ valgus was chosen for the current study, we 261 
believe that larger positioning angles would have magnified the observations noted, but 262 
would detract from the clinical relevance.   263 
 264 
An important limitation in our study is that the reverse engineered DHH implants used 265 
were based on osseous geometry. The osseous geometry of the distal humerus can be 266 
readily obtained using clinical CT scan images and we chose to limit ourselves to this 267 
accessible imaging modality. Without cartilage thickness distributions, the implants 268 
were smaller, which could have had an effect on the contact mechanics of the joint. 269 
However, previous work had shown that small changes in sizing did not have a 270 
significant effect on contact mechanics 5. As well, Willing et al. 6 used finite element 271 
contact analysis to analyze contact patterns following DHH and found that even 272 
implants made from cartilaginous geometry did not match native contact mechanics 273 
and suggested that the optimal DH design may lie somewhere in between the osseous 274 
and cartilaginous geometry 6. Considering more compliant biomaterials with an 275 
anatomical, but not necessarily custom, implant shape might be both the most 276 
clinically viable option. Furthermore, our study had a low sample size of n=7, and this 277 
was an in vitro simulation testing a compressive load at a single flexion angle of 90˚. 278 
This represents a common position for the elbow to be used in activities of daily living 279 
and it is often utilized in biomechanical studies. As well, ulnohumeral measurements in 280 
extension might have been more erroneous, as the radius was excluded from this study 281 
but carries a significant amount of load in extension. The compressive load applied 282 
followed the long axis of the humerus due to limitations of the jig. In reality, at 90˚ 283 
flexion, the load vector doesn’t exactly follow the humeral shaft or ulnar shaft, but 284 
about 45˚ to both 29. This simplification in the load application could have some effect 285 
on the contact location, thus future work should consider more compressive load 286 
vectors and other angles of flexion.  287 
Our results suggest that reverse-engineered prostheses reduced the contact area and 288 
altered the contact pattern of the joints. Changing prostheses alignment did not change 289 
the overall contact area for native or DHH conditions, however changes in contact 290 
distribution patterns, especially on the medical aspect of the joint, were observed using 291 
DHH implants. This edge loading may cause cartilage wear due to altered contact 292 
distribution across the joint. As a result, implant positioning plays an important role in 293 
reproducing more native contact patterns and potentially improving long-term clinical 294 
outcomes.  295 
  296 
References Cited: 297 
1.  Anglen J. Distal humerus fractures. J Am Acad Orthop Surg. 2005;13(5):291-298 
297. http://www.ncbi.nlm.nih.gov/pubmed/16148353. Accessed May 23, 2016. 299 
2.  Robinson CM, Hill RMF, Jacobs N, Dall G, Court-Brown CM. Adult distal 300 
humeral metaphyseal fractures: epidemiology and results of treatment. J Orthop 301 
Trauma. 2003;17(1):38-47. http://www.ncbi.nlm.nih.gov/pubmed/12499966. 302 
Accessed May 23, 2016. 303 
3.  Burkhart KJ, Nijs S, Mattyasovszky SG, et al. Distal humerus hemiarthroplasty 304 
of the elbow for comminuted distal humeral fractures in the elderly patient. J 305 
Trauma. 2011;71(3):635-642. doi:10.1097/TA.0b013e318216936e. 306 
4.  Smith GCS, Hughes JS. Unreconstructable acute distal humeral fractures and 307 
their sequelae treated with distal humeral hemiarthroplasty: a two-year to 308 
eleven-year follow-up. J Shoulder Elbow Surg. 2013;22(12):1710-1723. 309 
doi:10.1016/j.jse.2013.06.012. 310 
5.  Lapner M, Willing R, Johnson JA, King GJW. The effect of distal humeral 311 
hemiarthroplasty on articular contact of the elbow. Clin Biomech (Bristol, 312 
Avon). 2014;29(5):537-544. doi:10.1016/j.clinbiomech.2014.03.010. 313 
6.  Willing R, King GJW, Johnson JA. Contact mechanics of reverse engineered 314 
distal humeral hemiarthroplasty implants. J Biomech. 2015;48(15):4037-4042. 315 
doi:10.1016/j.jbiomech.2015.09.047. 316 
7.  Liew VS, Cooper IC, Ferreira LM, Johnson JA, King GJW. The effect of 317 
metallic radial head arthroplasty on radiocapitellar joint contact area. Clin 318 
Biomech. 2003;18(2):115-118. doi:10.1016/S0268-0033(02)00172-9. 319 
8.  Vlachopoulos L, Dünner C, Gass T, et al. Computer algorithms for three-320 
dimensional measurement of humeral anatomy: analysis of 140 paired humeri. J 321 
Shoulder Elb Surg. 2016;25(2):e38-e48. doi:10.1016/j.jse.2015.07.027. 322 
9.  DeLude JA, Bicknell RT, MacKenzie GA, et al. An anthropometric study of the 323 
bilateral anatomy of the humerus. J Shoulder Elb Surg. 2007;16(4):477-483. 324 
doi:10.1016/j.jse.2006.09.016. 325 
10.  McDonald CP, Peters TM, King GJW, Johnson JA. Computer assisted surgery 326 
of the distal humerus can employ contralateral images for pre-operative 327 
planning, registration, and surgical intervention. J Shoulder Elb Surg. 328 
2009;18(3):469-477. doi:10.1016/j.jse.2009.01.028. 329 
11.  Leichtle UG, Leichtle CI, Martini F. Microsection analysis of cortical form-fit 330 
of a custom femoral component in total hip arthroplasty: an in vitro study. 331 
Orthop Rev (Pavia). 2012;4(3):e31. doi:10.4081/or.2012.e31. 332 
12.  Reize PK, Wülker N. The Adaptiva custom-made stem--our reasons for not 333 
using it anymore. Int Orthop. 2007;31(2):217-222. doi:10.1007/s00264-006-334 
0160-5. 335 
13.  Yamako G, Chosa E, Zhao X, et al. Load-transfer analysis after insertion of 336 
cementless anatomical femoral stem using pre- and post-operative CT images 337 
based patient-specific finite element analysis. Med Eng Phys. 2014;36(6):694-338 
700. doi:10.1016/j.medengphy.2014.02.018. 339 
14.  de Beer N, Scheffer C. Reducing subsidence risk by using rapid manufactured 340 
patient-specific intervertebral disc implants. Spine J. 2012;12(11):1060-1066. 341 
doi:10.1016/j.spinee.2012.10.003. 342 
15.  Gander T, Essig H, Metzler P, et al. Patient specific implants (PSI) in 343 
reconstruction of orbital floor and wall fractures. J Craniomaxillofac Surg. 344 
2015;43(1):126-130. doi:10.1016/j.jcms.2014.10.024. 345 
16.  Sundseth J, Berg-Johnsen J. Prefabricated patient-matched cranial implants for 346 
reconstruction of large skull defects. J Cent Nerv Syst Dis. 2013;5:19-24. 347 
doi:10.4137/JCNSD.S11106. 348 
17.  Cenni F, Timoncini A, Ensini A, et al. Three-dimensional implant position and 349 
orientation after total knee replacement performed with patient-specific 350 
instrumentation systems. J Orthop Res. 2014;32(2):331-337. 351 
doi:10.1002/jor.22513. 352 
18.  Fitz W. Unicompartmental knee arthroplasty with use of novel patient-specific 353 
resurfacing implants and personalized jigs. J Bone Joint Surg Am. 2009;91 354 
Suppl 1(Supplement 1):69-76. doi:10.2106/JBJS.H.01448. 355 
19.  Slamin J, Parsley B. Evolution of customization design for total knee 356 
arthroplasty. Curr Rev Musculoskelet Med. 2012;5(4):290-295. 357 
doi:10.1007/s12178-012-9141-z. 358 
20.  Adolfsson L, Nestorson J. The Kudo humeral component as primary 359 
hemiarthroplasty in distal humeral fractures. J Shoulder Elbow Surg. 360 
2012;21(4):451-455. doi:10.1016/j.jse.2011.07.011. 361 
21.  Hohman DW, Nodzo SR, Qvick LM, Duquin TR, Paterson PP. 362 
Hemiarthroplasty of the distal humerus for acute and chronic complex intra-363 
articular injuries. J Shoulder Elbow Surg. 2014;23(2):265-272. 364 
doi:10.1016/j.jse.2013.05.007. 365 
22.  Shi Q, Hashizume H, Inoue H, Miyake T, Nagayama N. Finite element analysis 366 
of pathogenesis of osteoarthritis in the first carpometacarpal joint. Acta Med 367 
Okayama. 1995;49(1):43-51. http://www.ncbi.nlm.nih.gov/pubmed/7762409. 368 
Accessed May 23, 2016. 369 
23.  Willing R, Lapner M, King GJW, Johnson JA. In vitro assessment of the contact 370 
mechanics of reverse-engineered distal humeral hemiarthroplasty prostheses. 371 
Clin Biomech (Bristol, Avon). 2014;29(9):990-996. 372 
doi:10.1016/j.clinbiomech.2014.08.015. 373 
24.  Brownhill JR, Furukawa K, Faber KJ, Johnson JA, King GJW. Surgeon 374 
accuracy in the selection of the flexion-extension axis of the elbow: an in vitro 375 
study. J Shoulder Elbow Surg. 2006;15(4):451-456. 376 
doi:10.1016/j.jse.2005.09.011. 377 
25.  Willing RT, Lalone EA, Shannon H, Johnson JA, King GJW. Validation of a 378 
finite element model of the human elbow for determining cartilage contact 379 
mechanics. J Biomech. 2013;46(10):1767-1771. 380 
doi:10.1016/j.jbiomech.2013.04.001. 381 
26.  Lalone EA, Peters TM, King GW, Johnson JA. Accuracy assessment of an 382 
imaging technique to examine ulnohumeral joint congruency during elbow 383 
flexion. Comput Aided Surg. 2012;17(3):142-152. 384 
doi:10.3109/10929088.2012.673638. 385 
27.  Schinagl RM, Gurskis D, Chen AC, Sah RL. Depth-dependent confined 386 
compression modulus of full-thickness bovine articular cartilage. J Orthop Res. 387 
1997;15(4):499-506. doi:10.1002/jor.1100150404. 388 
28.  Eckstein F, Löhe F, Hillebrand S, et al. Morphomechanics of the humero-ulnar 389 
joint: I. Joint space width and contact areas as a function of load and flexion 390 
angle. Anat Rec. 1995;243(3):318-326. doi:10.1002/ar.1092430306. 391 
29.  Kincaid BL, An K-N. Elbow joint biomechanics for preclinical evaluation of 392 
total elbow prostheses. J Biomech. 2013;46(14):2331-2341. 393 
doi:10.1016/j.jbiomech.2013.07.027. 394 
 395 
  396 
Figure Legends  397 
 398 
Figure 1: Experimental setup to test contact mechanics with reverse-engineered 399 
distal humeral (DH) implants. a. Elbow jig; actuator applied compressive load of 400 
100N; humeral jig capable of rotating 0, 2.5°, or 5° varus/valgus; ulnar jig capable of 401 
0-90°of flexion. b. Joint compressed at 90° of flexion with casting material applied. c. 402 
Surface area of the casting imprint (shown on the left) was registered on the CT model 403 
of the ulna (shown on the right). 404 
 405 
Figure 2: Ulnar subchondral regions used for analysis of contact patterns. The 406 
ulnar surface was divided down the ridge of the greater sigmoid notch (extending from 407 
the olecranon to the coronoid process) to create quadrants on the articular surface. The 408 
ulna was divided into superior and inferior sections by creating a plane along the 409 
transverse ridge.  410 
 411 
Figure 3: Percent contact of ulna articular surface in different quadrants, as a 412 
function of implant VV angle. Error bars represent standard deviations (n=7). * and 413 
** denote statistically significant differences (p< 0.05 and p< 0.01, respectively)  414 
 415 
Figure 4: Effect of implant VV positioning on contact pattern shift at the ulnar 416 
articulating surface for a sample specimen. 417 
 418 
 419 
